We investigate the influence of plasma treatments, especially a 0 V-bias, potentially low damage O 2 plasma as well as a biased Ar/SF 6 /O 2 plasma on shallow, negative nitrogen vacancy (NV − ) centers. To this end, we pre-treat surfaces of high purity chemical vapor deposited single-crystal diamond (SCD). Subsequently, we create ∼10 nm deep NV − centers via implantation and annealing. Onto the annealed SCD surface, we fabricate nanopillar structures that efficiently waveguide the photoluminescence (PL) of shallow NV − . Characterizing single NV − inside these nanopillars, we find that the Ar/SF 6 /O 2 plasma treatment quenches NV − PL even considering that the annealing and cleaning steps following ion implantation remove any surface termination. In contrast, for our 0 V-bias O 2 plasma, we observe stable NV − PL and low background fluorescence from the photonic nanostructures.
Introduction
Single-crystal diamond (SCD) with high purity, high crystalline quality and well-controlled surface properties is an enabling material for quantum technologies including quantum sensing [1, 2] . SCD is transparent for visible light and supports light confinement and guiding in photonic nanostructures (refractive index 2.4 visible range, indirect electronic band gap 5.45 eV, [3] ). SCD hosts more than 500 optically active point defects termed color centers [3] . Considering quantum technologies, the most important color center is the negative nitrogen vacancy complex (NV − ). NV − centers provide controllable, optically readable spins [4] and are stable electrical dipoles that emit single photons [5, 6] or react to optical near-fields [7, 8] . Their electronic spin degree of freedom renders them sensitive to magnetic fields [9] , electric fields [10] , temperature [11] and strain [12] in the diamond matrix. In this context, the key to sensitive measurements with simultaneously nanoscale spatial resolution is to employ individual NV − centers placed shallowly (typically < 10 nm) below SCD surfaces. To enable nanoscale imaging of various samples, it is mandatory to embed the sensing NV − in a SCD scanning probe tip [9, 13] . In addition to enable scanning of a sample, the SCD tip's photonic properties direct the NV − photoluminescence (PL) to the collection optics and thus enhance sensitivity [9, 14] . The most prominent candidates for SCD scanning probes are pyramidal tips [15, 16] and cone-shaped or cylindrical pillars (on platforms) [9, 13, 14] . The latter require sophisticated top-down processes to sculpt the structures from SCD.
Top-down nanofabrication processes reliably create tailored sensing devices potentially enabling highly efficient sensing. However, these processes simultaneously endanger shallow NV − centers: To ensure reliable processing, typically smooth (roughness several nanometers), mostly commercially available SCD plates are used. Mechanical polishing of ultra-hard SCD used to obtain these smooth surfaces, however, may create subsurface damage and stress extending several micrometers into SCD [17, 18] . Consequently, SCD surfaces which are highly suited for nanofabrication might not be optimal to host shallow NV − . To circumvent this challenge, typically several micrometer of SCD are removed using inductively coupled plasma reactive ion etching (ICP-RIE) [13] . Typical ICP-RIE plasmas, however, have been shown to damage the Fig. 1 . Schematic of the employed nanofabrication process. The manuscript is structured into the section according to these schematics. uppermost few nanometers of the etched SCD [19] . This damage will also potentially affect shallow NV − created under this etched surfaces [20] . Moreover, e.g. chlorine gas in the etch plasma is very helpful to keep SCD surfaces smooth during etching [21, 22] but might attach to the surfaces, potentially de-activating shallow NV − [23] . Low damage plasmas in which the etching species are not accelerated towards the etched SCD (0 V-bias plasmas) have been investigated as a solution to the challenge of ICP-RIE induced damage [20] . Using ICP-RIE here is the method of choice as the density of activated species in the plasma and the acceleration towards the etched substrate can be controlled independently of each other by controlling the power inductively coupled to the plasma (ICP power) and the power coupled capacitively to the plasma (often termed RF power or platen power) [24] [25] [26] (for details see supplementary material).
In this manuscript, we present a process to manufacture photonic nanostructures namely nanopillars with shallow NV − . We, for the first time, include a 0 V-bias plasma as pre-treatment to fabricate SCD nanopillars. Figure 1 summarizes our nanofabrication process. Following our previous work [27] , we restrict the used etch gases to non-corrosive, non-toxic gases namely Ar, SF 6 and O 2 . Starting from polished, commercial SCD plates [ Fig. 1 (i)], we use high bias ICP-RIE to remove micrometer thick potentially damaged layers [stress relief etch, Fig.  1 (ii)] while conserving smoothness. We finish this processing step with different plasma treatments, especially a potentially low damage oxygen plasma step [pre-etch, Fig. 1 (iii) ]. Following this sample pre-treatment, we use established techniques to create NV − centers [ Fig. 1 (iv)-(vi)]. We use an optimized process involving electron beam lithography (EBL) and ICP-RIE to structure nanopillars with single NV − [ Fig. 1 (vii)-(ix)]. We characterize single NV − using PL spectroscopy, PL saturation, PL lifetime, photon correlation measurements as well as optically detected magnetic resonance (ODMR).
Experimental setup and methods
We use a custom-built confocal scanning microscope (numerical aperture 0.8) to characterize the NV centers' properties in the SCD where confocal filtering is ensured using a single mode fiber. To acquire confocal PL maps, we excite NV centers with a continuous diode-pumped solid-state (DPSS) laser with a wavelength of 532 nm. To investigate the charge state of NV centers, we use an additional DPSS laser with a wavelength of 594 nm. We detect the PL signal through a 650 nm longpass-filter and use highly-efficient photon counters (Excelitas SPCM-AQRH-14, quantum efficiency ∼ 70 %) to quantify the PL intensity. In addition, we can send the light to a grating spectrometer (Acton Spectra Pro 2500, Pixis 256OE CCD). We use a tuneable (450-850 nm), pulsed laser (NKT EXW-12, pulse length ∼ 50 ps) equipped with a filter system (NKT SuperK Varia) and correlation electronics (PicoQuant, PicoHarp 300) to perform time-resolved PL analysis for e.g. lifetime measurements. To perform spin manipulation on NV − centers in the SCD, we equip the setup with a microwave source (Stanford Research Systems, SG 384) and an amplifier (Mini Circuits, ZHL-42W+) to deliver microwaves through a 20 µm thick gold wire. To perform ICP-RIE, we employ an Oxford Plasmalab 100 ICP RIE system. The plasma lab 100 uses a helical coil ICP configuration. We analyze the plasma composition by means of optical emission spectroscopy (Ocean Optics USB 2000+ coupled by fiber optics to the ICP-RIE system). We employ AFM measurements (Brucker Fastscan, tapping mode, silicon carbide cantilevers) to deduce the surface roughness of our etched surfaces. To create NV − centers, ion implantation has been performed at Augsburg University (Ion-Implantation-System NV 3206, Axcelis Technologies). Samples were annealed at 800 • C under 1.5 × 10 −7 mbar vacuum using a home-built annealing oven incorporating a HC3500 heater (Tectra). We employ a cold-cathode SEM (Hitachi S45000), equipped with RAITH Elphy software to perform electron beam-lithography (EBL).
Sample Pretreatment: stress relief-and pre-etch
In this study, we use commercially available SCD grown by chemical vapor deposition of electronic grade purity ([N 0 s ] <5 ppb and [B]<1 ppb, Element Six, UK). The SCD is polished to form plates with 50 µm thickness by Delaware Diamond Knives, US. The plates have a roughness of R a =3 nm according to manufacturer specifications and lateral dimensions of 2x4 mm. The received diamonds were cleaned by a boiling 3-acid mixture (1:1:1 v/v of H 2 SO 4 , HNO 3 , HClO 4 ) and subsequent washing in acetone/isopropanol. We check surface cleanliness in a stereo microscope (50 x magnification) and find no visible residues over the entire SCD surface.
Subsequent to cleaning, we use an etching recipe published previously [27] to remove the topmost 2.3 µm of our SCD plate. The employed recipe uses an Ar/SF 6 /O 2 plasma as final step (parameters see Tab. 1). We note that the used etching recipe avoids surface roughening, despite the fact that we are removing potentially damaged SCD material [27] . As indicated by previous work, adding a fluorine containing etch gas to the process aids in avoiding micromasking on the SCD arising from potential silicon contamination in typical ICP-RIE chambers [26] .
While this procedure reliably removes even tens of micrometers of SCD keeping the surface smooth [27] , highly energetic etch species in the plasma potentially damage the first nanometers of the SCD [19] . In this study, we thus systematically investigate the effect of different pre-etch plasmas by which we terminate the removal of material [see Fig. 1 (iii)]: To this end, we divide our SCD sample after the stress relief etch into 3 areas [see Fig. 2 NV − centers (see Sec. 4). In contrast, area II is not treated by an additional plasma consequently etching in this area terminated with the Ar/SF 6 /O 2 plasma of the stress relief etch. We apply the different plasmas by protecting the not to be etched areas using a 100 µm thin quartz plate. Table  1 summarizes the parameters of the employed etch plasmas. We note that a larger variety of 0 V-bias plasmas has been tested but only the 0 V-bias O 2 plasma enabled etching without excess surface roughening (see supplementary material). We also take great care to ignite the 0 V-bias plasma without bias building up in its starting phase by careful adjustments of capacitors in the reactor (details see supplementary material). As discernible from Tab. 1, the biased plasmas reach etch rates of almost 100 nm/min, while the 0 V-bias O 2 plasma's etch rate is an order of magnitude lower. As indicated above, 2.3 µm of SCD were removed in the stress-relief etch (and consequently in area II). In area I, we additionally remove ∼200 nm using the 0 V-bias O 2 plasma. In area III, we additionally remove 2 µm using the 435 V-bias O 2 plasma. After the pre-etches, we again clean the SCD sample as described above and measure the surface roughness in areas I, II and III using AFM. The results of these measurements are depicted in Fig. 2 and summarized in Tab. 1. For all areas, we find an rms roughness below 1 nm, consequently all regions are usable for the fabrication of nanopillars with shallow NV − . Smooth surfaces are mandatory for high spatial resolution, scanning probe sensing using NV − as any surface roughness will transform into uncontrolled stand-off distances between the NV − sensor and the sample under investigation.
In the following, we discuss the etch mechanisms underlying the different plasma processes. While all surfaces show low roughness, remarkably the surface etched with the 0 V-bias O 2 plasma shows the lowest roughness. 0 V plasmas have been found to etch isotropically [28, 29] via chemical etching effects. This situation might induce micromasking due to e.g. residual impurities/dust on the SCD surface that cannot be removed by this soft plasma or lead to preferential etching of defective areas [26] . However, we do not observe pronounced micromasking in our work. We use optical emission spectroscopy to compare the composition of reactive species in our plasmas (see Fig. 3 ). Observing the molecular transitions depicted in the insets of Fig. 3 (b)+(c), we analyze the concentration of ionized oxygen O + 2 . In a biased O 2 plasma, O + 2 is the main etching species as the charged ions are effectively accelerated towards the SCD sample and will induce physical etching [30, 31] . We find a 50 times higher concentration of O + 2 in the 435 V-bias O 2 plasma compared to the 0 V-bias O 2 plasma (see Fig. 3 ). In contrast, the etch rate of the 0 V-bias O 2 plasma is only roughly one order of magnitude lower than for the 435 V O 2 plasma indicating an additional etching species in the 0 V-bias plasma. We suggest this additional etching species to be (atomic) oxygen radicals. Observing the transitions 3s 5 S 0 → 3p 5 P and 3s 5 S 0 → 3p 3 P in the oxygen radical system, we find almost the same concentration of oxygen radicals in the 0 V-bias and 435 V-bias plasmas. For the 0 V-bias plasma, chemical etching based on the oxygen radicals is dominant which leads, as expected [32] , to much lower etch rates than for the biased case (see Tab. 1). We expect chemical etching induced by non-accelerated radicals to introduce less damage to the SCD surface compared to the etching via ionized species accelerated under a DC bias. However, chemical etching is isotropic [28, 29] and therefore not applicable for nanostructures that require steep sidewalls e.g. nanopillars.
To additionally characterize the employed O 2 plasmas, we investigate their electron temperature T el . Electrons in the plasma will collide with the molecules/atoms of the etch gas exciting the gas. Consequently, higher electron densities transfer into a higher population of excited states in molecules/atoms. In the absence of a DC bias, the electron temperature can be an upper estimate for the thermal energy of the etching species in the plasma. It should be noted that the electrons might not fully transfer their thermal energy to the etching species but are still a clear indication of the plasma density [33] . In contrast in the case of a biased plasma, the energy of the etching species will be mainly governed by the DC bias [25] . We use the measured optical emission spectra of the plasmas to extract T el . First, we consider that ln
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Here, λ is the wavelength and I the measured intensity of each transition. g k is the statistical weight of the upper excited level, k the Boltzmann constant , E k the energy of the excited upper level, A the Einstein coefficient for the respective transition and C is the constant of integration. We plot ln I λ g k A as a function of E k and thus the slope measured is equal to − 1 kT el and T el can be extracted. The electronic transitions taken into account to determine T el are marked in Fig. 3 .
We find T el =6000 ± 2000 K for the 0 V O 2 plasma, T el =10000 ± 1400 K for the 435 V O 2 plasma and T el =16000 ± 9000 K for our Ar/SF 6 /O 2 plasma. For the O 2 plasma especially the following transitions were chosen: 5 After determining the surface roughness of our SCD samples, we also analyze the PL originating from the etched surfaces. Broadband PL from processed SCD surfaces is detrimental in experiments with individual NV − as it will lead to low signal-to-background ratios for single color center observation. Here, we find a spatially homogeneous background PL (detected at wavelengths > 650 nm, excited using 532 nm laser light) in the order of 30 kcps/mW for both O 2 -based pre-etches (areas I and III). The observed PL is stable under continuous laser illumination. In addition, we show that the background PL arises purely from the SCD surface as no PL is observed upon focusing the laser deeply (> 5 µm) into the SCD material. Thus, in contrast to previous work [20] that compared a biased Ar/O 2 plasma with a 0 V-O 2 plasma, we do not find a reduction of PL background for the 0 V-O 2 plasma. We note that the observed background PL from these surfaces is in the same order of magnitude as the PL from single NV − centers. We find similar background levels after creating shallow NV − centers (see section 4). However, the fabrication of photonic nanostructures allows us to efficiently reduce the influence of background PL (see section 5).
In stark contrast, the SCD surface exposed to the Ar/SF 6 /O 2 -based pre-etch shows an intense, fast-bleaching background PL. The background that bleaches within ∼ 100 ms is in the order of more than 7.5 Mcps/mW. For examples of the PL maps recorded on these surfaces, see supplementary material. For diamond films, typically broadband PL in the red-spectral range is observed and attributed to highly defective material (sp 2 inclusions, disorder, amorphous carbon [34] ). Significant broadband PL in the red spectral range thus indicates the presence of damaged material close to the surface which could not be removed using the acid clean. Interestingly, this background PL is removed after NV creation steps (see Sec. 4). We suspect that this is connected to the annealing process which in conjunction with acid cleaning aids in removing damaged layers at SCD surfaces [19] .
Creation of NV centers
Subsequently, we implant the whole surface of the pre-etched SCD plate using 14 N + ions (Energy 6 keV, 2 × 10 11 ions /cm 2 ). We create NV − centers via annealing at 800 • C for 4 hours. We note that directly after this procedure, we typically do not observe any NV − PL. Re-cleaning the sample in tri-acid mixture activates the NV − PL. We first characterize the influence of the pre-etches on NV − centers by investigating the implanted NV − ensembles. To obtain illustrative results in the different areas, we investigate NV − ensembles in micrometer-sized marker structures (crosses) that we obtained during nanofabrication (see Sec. 5). These structures do not significantly alter the collection efficiency for NV − PL or the properties of NV − ensembles due to their size in the micrometer range. However, they give us the possibility to clearly distinguish NV − PL from background PL of the SCD surface as well as to clearly compare the different pre-etches. First, we record PL maps of crosses and the corresponding PL spectra in areas I, II and III corresponding to different pre-etches [see Fig. 4 (a)-(c)]. As clearly discernible from Fig. 4 , in areas I and III, the NV − ensemble has similar PL brightness and the recorded PL spectra clearly reveal the spectral features of NV − PL. In contrast, in area II treated only using the Ar/SF 6 /O 2 etch, we do not find any NV − PL nor any evidence for neutral NV 0 centers. We note that we do not expect this effect to result from surface termination: First, fluorine terminated surfaces are supposed to stabilize NV − [36] . Second, any surface termination would have most probably been removed during vacuum annealing and replaced by oxygen functional groups during the acid cleaning. The complete absence of an NV − fingerprint supports the assumption of highly-damaged layers which prevented the creation of NV − centers or strongly quench their PL.
In addition, we measure the excited state lifetime τ NV − [see Fig. 4 (d) ] of the NV − ensemble in areas I and III. We obtain comparable results for both areas with τ NV − =17(1) ns for area I and τ NV − =16(1) ns for area III, respectively. Here, τ NV − is longer than the bulk lifetime (12 ns) due to the NV − 's proximity to the surface [35] . However, we exclude quenching which would reduce τ NV − .
To further characterize the influence of the pre-etches onto the brightness of the NV − ensemble, we measure PL saturation curves in areas I and III. Here, we note that we investigate a NV − ensemble with a low density of ∼7 NV − centers statistically distributed in the laser focus of our confocal microscope (density estimate see Sec. 5). Consequently, the observed saturation behavior and the parameters extracted from it are only estimates as few NV − centers experience different laser intensities as well as different collection efficiencies. We find saturation powers P sat which are in the same order of magnitude (1.60(5) mW area I, 0.74(3) mW area III) as well as comparable background PL rates (∼60 kcps/mW area I, ∼40 kcps/mW area III) and count rates (I ∞ =407(7) kcps area I, I ∞ =315(5) kcps area III) in both O 2 -etched areas. We also note that the background PL level estimated here agrees with the level measured in area I and III before creating NV − centers (see Sec. 3).
By applying microwave-driven spin manipulation to the NV ensembles in the different areas, we are able to measure their coherence time T 2 <10 µs limited mainly by the proximity of the NV − centers to the surface which agrees well with other measurements of shallow NV − centers under tri-acid cleaned surfaces [37] .
NV − in photonic nanostructures
We fabricate SCD nanopillars in the shape of truncated cones. We aim for diameters of the pillars' top facet that contains the NV − center in the range of 200 nm. To this end, we use a Fig. 4 . NV − center ensembles in areas exposed to different pre-etches: (a)-(c) show PL maps and the corresponding PL spectra. It is clearly visible that in the area exposed to the Ar/SF 6 refined process compared to previously published processes [6, 13, 38] , details of the process will be published elsewhere [39] . The steps in the process are:
• Deposition of a silicon adhesion layer onto SCD.
• Spin coating of HSQ-based negative tone EBL resist (Fox 16, Dow Corning).
• EBL to create pillar masks, development of resist.
• ICP-RIE removal of adhesion layer and subsequent etching of SCD to form pillars, details see supplementary material and Ref. [39] • residual mask stripping in buffered oxide etch and sample cleaning (acid clean).
In order to assess the influence of the pre-etches on individual NV − in photonic structures, we generate various patterns of nanopillars on the SCD sample. Using our optimized fabrication process, we reliable create large fields of pillars with high yield [see Fig. 5 (a) ]. As the pre-etch using Ar/SF 6 /O 2 (area II) deactivated NV − (see Sec. 4) and biased O 2 plasmas have been already used as a pre-etch in previous work (area III, [9, 13, 38] ), we focus on area I pre-etched using our 0 V-bias O 2 plasma. From the various pillars fields written using different EBL doses (1.4-1.8 µC /cm 2 ) and etched using different plasmas (Ar, Ar/O 2 pure O 2 , for details see supplementary material) in area I, we focus on two fields in which we were straightforwardly able to identify single NV − in the pillars. The tapered pillars written with an EBL dose of 1.6 µC /cm 2 show top diameters of 120 nm and 180 nm [see Fig. 5 (b) and (c)].
The investigated pillars have been etched using a pure O 2 plasma (500 W ICP power, 50 W RF power, 50 sccm O 2 , pressure 1.2 Pa). We found O 2 plasmas to be most reliable for etching our SCD pillars and we obtain an etch rate of 65 nm /min. We observe smooth surfaces in-between the pillars without any indication of micromasking. In contrast to the O 2 plasma, mask erosion and micromasking was strong using a pure Ar plasma due to excess sputtering of material. We note that the investigated pillars have a stronger taper angle than we typically aim for [14] . The novel fabrication process used here includes a SF 6 -based plasma to remove the silicon adhesion layer which could potentially attack HSQ masks [39] . We however find that this plasma etches our thin (25 nm) silicon adhesion layer 20 times faster than the HSQ mask and should not cause mask erosion and strong tapering [39] . We consequently suspect an additional effect causing the tapering. One possibility might be a low thickness of the HSQ layer as the mask structures where not imaged using SEM prior to etching the pillars to avoid contamination. Also strong mask faceting might have occurred that is known to cause tapered sidewalls [40] .
To characterize NV − centers in our photonic nanostructures, we first measure PL and lifetime maps of the pillar fields [see Fig. 6 [14] . However, these results indicate that even 120 nm-pillars act as waveguides, potentially improving AFM operation of NV − -based scanning probe devices.
for most of the pillars containing NV − centers. In addition, the average lifetime of τ NV − =17(2) ns agrees with τ NV − we find for the NV − ensemble in Sec. 4. By measuring second order correlation functions g (2) [see Fig. 6(c) ], we estimate a NV − probability per pillar. We then use the pillars' top diameter from SEM images ( Fig. 5 ) to calculate the NV − density. Subsequently, we compare this with the implantation dose and extract an implantation yield of 0.01 NV − /implanted N which is in good agreement with literature [13, 41] . To estimate the PL enhancement in our nanostructures, we perform several PL saturation measurements on pillars containing single NV − centers. These measurements are summarized in Fig. 6 (d) . Here, we compare NV − centers in pillars with a length of ∼ 460 nm and diameters of 120 nm and 180 nm, respectively. As discernible from Fig. 6 (d) , most measured NV − centers show similar saturation power. The 180 nm-pillars offer slightly higher PL rates as the 120 nm-pillars. Simulations suggest a much stronger decrease in PL rate from pillars thinner than 180 nm [14] . However, the here observed brightness of single NV − PL also indicates a sufficient usability of 120 nm-pillars for sensing applications. For most scanning probe based sensing applications, it would be advantageous to use pillars with a small top diameter, as a thinner scanning probe tip will be able to follow the topography of a sample more closely and keep the NV − center closer to the surface under investigation e.g. when scanning over a step in the sample [13] . We note that we were not able to deduce NV − and NV 0 probabilities for our NV centers [42] [43] [44] due to inconclusive results (see supplementary material).
Conclusions
In the presented study, we investigate a chemically etching, pure ICP discharge, 0 V-bias O 2 plasma as a pre-etch for the fabrication of SCD photonic structures. We compare this treatment to a biased O 2 plasma as well as a Ar/O 2 /SF 6 plasma. We analyze plasma compositions and etch rates. While the biased plasmas have etch rates exceeding 100 nm/min, the 0 V-bias plasma shows an order of magnitude lower etch rate. While etching in the biased O 2 plasma is dominated by oxygen ions, oxygen radicals dominate in the 0 V-bias case. Remarkably, we only succeed in creating shallow NV − under the O 2 treated surfaces, while all NV − centers are deactivated under the Ar/O 2 /SF 6 treated surface. We investigate single NV − centers in the nanopillars with 180 nm as well as 120 nm top diameter. We find stable, bright emission from single NV − rendering our structures suitable for nanoscale sensing using single NV − . We have shown that 0 V-bias plasmas can be integrate into the fabrication of SCD photonic nanostructures, opening the route towards low damage treatments of SCD surfaces within SCD nanodevice fabrication.
